Attempts to explain plastic behavior of solids within the frame-work of the conventional theory of dislocations have not been successful.
INTRODUCTION
It seems that within the framework of the traditional theory of dislocations a proper understanding of plastic properties of materials will never be achieved (1, 2) . The reason is that although the concept of a dislocation was developed as a consequence of the nonlinear nature of interatomic forces and structure of solids, the dislocation theory itself rests on the method of elasticity and equilibrium thermodynamics. In this respect it remains basically a linear equilibrium theory insufficient to provide a deeper physical insight into a highly nonlinear, nonequilibrium mechanism of plastic deformation.
For nonlinear systems driven far from thermodynamic equilibrium it is typical that their initially homogeneous structure becomes unstable at a certain critical value of some controlling parameter and restabilizes into a complex configuration. As the controlling parameter further increases, the system may undergo additional transitions into even more complex states. Perhaps, successive stages of work hardening may be viewed as consequences of such instability transitions.
The instability nature of plastic behavior is manifested by the three most typical features:
The instability of a uniform dislocation distribution leading to the formation of characteristic dislocation structures (spontaneous structuarlization) that underlie work hardening process.
(ii) A tendency of plastic response to reach a steady-state with zero work hardening through dynamic recovery. (iii) Existence of strain localization.
If localization reaches a macroscopic proportion, it may cause failure and interrupt hardening process. There are two main sources of instability and subsequent restructuralization which causes effects (i)-(iii). The first one is so called "up hill" drift of stored dislocations, described in paper (3) , that in combination with annihilation of dislocations controls the effects (i)-(ii) (structural instability). The second type of instability is of nonlinear continuum mechanics origin. It is caused by extra terms in the field equations proportional to the pre-stress (2,4) (geometrical instability).
As shown in Biot's book (4), such instability may result in shear bands, which may cause failure (effect (iii)), or internal bending in the form of dislocation cell misorientations.
The synergetic approach to plastic properties has been developed in papers (2, 3, (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . The recent review was given by Kubin (18) . The main stream of this research has been directed to the formation of dislocation structures as predicted from a linear stability analysis of equations describing the dislocation population in early stage of development.
In these studies dislocation annihilation and strain localization were neglected. On the other hand strain localization was explored only considering models where the dislocation structure was averaged out (4, 19) .
The advanced stages of plastic deformation manifested by (i)-(iii) seem to be, however, the result of nonlinear effects and interaction between structural and geometrical instabilities.
The latter features are incorporated in the model outlined in this paper.
THE MODEL OF STRUCTURAL INSTABILITY
The model of dislocation mechanisms responsible for work hardening and dynamic recovery simulates dislocation generation, their clustering and annihilation.
The simple one dimensional version of the model of these nonlinear effects, where localization of strain was neglected, was described in paper (5).
The first basic equation of the model is the balance law for stored dislocation density p(x,t), where χ is the coordinate and t time. become annihilated at the rate -b|s|.
The second basic equations proposed in paper (3) relates the stress and the stored dislocation density 00 τ (χ, t) = τ + £ Μ (ζ) ρ (χ + ζ, t) d ζ . (2) where τ is the yield stress and Μ is the "influence" function of ο hardening. Relation (2) expresses the fact that at the scale of μτη work hardening is a nonlocal effect represented in equation (2) by the integral term.
It is interesting to note that our recent results reported in papers (20, 21) show that the sweeping of stored dislocation by mobile dislocations leads to the instability model of dislocation structure formation, which is in the first approximation described by the same type of equations as (1) and (2).
By analysis of the model represented by relations (1) and (2) and its two and three dimensional versions described in papers (3, 22) we are able to outline the following basic mechanism of work hardening (see paper (5)).
At the outset of deformation a uniform distribution of stored dislocations is unstable and dislocation tangles are spontaneously formed.
The tangles serve as storage facilities for redundant dislocations. When the density of dislocations stored within tangles reaches a critical level ρ , a mechanism of massive annihilation c starts to operate.
As a consequence the tangles begin to be rebuilt into dislocation walls and the dislocation structure is changed (in papers (21,23) the wall structure was derived from the multislip version of the model described by equation (1) and (2)). The walls serve mainly as sinks for dislocations generated in the space between the walls. There is a tendency to form as many walls as needed to annihilate all the newly generated dislocations. The increase in the number of walls means a higher proportion of the hard component in the material. Hence, the stress required for further deformation is increasing. The stress required for further deformation is increasing. The stress levels off •in steady-state, where a sufficient number of walls has been created to annihilate all subsequent dislocations generated during straining.
SYNERGETIC MODEL
Approach to steady-state, where the work-hardening coefficient reaches zero, creates favorable conditions for a formation of bands of localized deformation.
However, in the simplified model represented here by equations (1) and (2) the localization is excluded.
To incorporate that effect the equations governing stored dislocation density have to be extended to more dimensions and combined with nonlinear continuum mechanics for pre-stressed bodies. Such synergetic model of dislocation population is represented here by the two dimensional model of symmetric double slip from paper (2) . The crystal plasticity is taken to be rate insensitive and the elastic deformation is neglected.
Deformation of plane strain model is described by the velocity field ν (x ,x ,t), ν (χ ,x ,t) where χ , χ are coordinates and the χ 112 212 12 2 direction is identified with the direction of the tensile axis of the crystal.
The velocity is related to the components of the stretching and spin tensors In the rigid-plastic approximation the deformation is caused by slip along two slip systems, the angles between the slip directions and the tensile axis are ±<p
•(1) '(2)
sin 2φ ,
where s (1) and s <2) denote the rates of slip.
The resolved shear stresses τ and τ in the slip systems are related to the components of the Jaumann rate of the Cauchy stress o*^, σ , σ 22 12 The extra terms in equations (6) proportional to σ are the consequence of the nonlinear effect in the pre-stressed state (see Biot (4)).
Equations (3) - (6) of the continuum mechanics are combined with (1) (2) ( 1 ) (2) the relations between τ , τ , and ρ , ρ of the previous section.
Instead of equation (2) 
and ρ
DISCUSSION AND PROSPECTS
The system of equations (3) - (8) has a rich mathematical structure.
There are two sources of instability and subsequent restructuralization. The first one is represented by the flux terms in balance law (8) , which are the main cause of the formation of a dislocation structure.
The model thus comprises the features of the mechanism of work hardening mentioned at the end of Section 2 modified for double slip.
In paper (16) it was shown, that the stability analysis of the system provides the model of a cellular structure in two dimensions similar to the one deduced from the observed dislocation structure by Mughrabi (24) .
In the general case of three dimensions the geometry of dislocation wall structures was derived and compared successfully with available experimental data in papers (16, 21, 23) . There the present synergetic model was simplified by the assumption that the rate of slip is uniform.
Such assumption is meaningful in later stages of plastic deformation where a sufficiently strong internal stress is built and compensates the influence of inhomogeneities caused by dislocation clusters and walls.
The second type of instability is of geometrical nature.
It is represented by the extra terms in equilibrium equations (6) proportional to the applied stress σ.
As noted by Biot (4) there are two kinds of geometrical instability.
One kind leads to formation of shear bands. To see that the synergetic model comprises such kind of instability it is sufficient to suppress the drift of stored dislocations, i.e. to take D = 0 in relation (8) and neglect the nonlocal character of hardening in equation (7), i.e. to assume Μ (Ζ) = Μ δ (ζ), Μ (ζ) = Μδ(ζ), where Μ , A a L e a Μ are constant and δ(ζ) means the δ -function.
Then the model becomes e identical to the plane strain model of a crystal deformed by symmetric double slip, where the shear band formation was analyzed in great detail by Asaro (19, 25) . In Asaro's theory shear bands are infinitesimally thin.
The nonlocal character of our theory represented by the integral terms in equations (7) provides a finite width of the bands.
This fact was demonstrated by Triantafyllidis and Aifantis (26) and Coleman and Hodgdon (27) , who introduced the nonlocal effect in the shear band theory considering higher strain gradients.
From the point of view of damage and failure theories it would be interesting to consider special strain localization modes that may occur at interfaces (surfaces, grain boundaries, etc). The non-local hardening described by relations (7) gives the region near an interface properties different from the bulk, that can be further modified by the escape or storage of point defects produced by annihilation of dislocations.
Such considerations might contribute to a progress in the basic understanding of damage mechanisms.
The second kind of geometrical instability results in an internal bending studied by Biot (4) and Hill and Hatchinson (28) .
In papers (2, 17) it was proposed to interpret misorientation of dislocation cells, which occurs in later stages of cellular structure formation, as the internal bending instability. Internal bending may arise in a pre-stressed continuum with sufficient anistropy well below the maximum load.
The anisotropy required for misorientation is provided by the activity of two slip systems of the model. Similar misorientation appears also in the case of a subgrain formation at elevated temperatures even in the case of single slip.
There the anisotropy is provided by the ability of dislocations to glide and climb (10) .
Despite the fact that a further systematic analysis of the proposed model is needed, the results briefly mentioned in this note indicate
